1. Introduction {#sec1-ijerph-15-02149}
===============

Radon is a naturally occurring colorless and odorless gas. It was first discovered in the form of ^222^Rn in 1899, with two other isotopes of Radon (^220^Rn and ^219^Rn) discovered subsequently \[[@B1-ijerph-15-02149]\]. In general, ^219^Rn and ^220^Rn are not significant public health concerns in modern, well-maintained architectural structures \[[@B2-ijerph-15-02149]\] due to the short half-life (3.96 and 55.6 seconds respectively). ^222^Rn, in contrast, has a half-life of 3.8 days, which allows it to travel some distance. ^222^Rn can seep into building through cracks in floors, construction joints, and/or around service pipes. Henceforward, ^222^Rn is referred to simply as ''radon''. There is no safe level of radon in the living environment.

Health effects of radon, most notably lung cancer, have been investigated for several decades. Initially, investigations focused on underground miners exposed to high concentrations of radon in their occupational environment \[[@B3-ijerph-15-02149]\]. However, the results of several surveys of radon concentrations in homes and other buildings in the early 1980s suggested that radon also may be an important cause of lung cancer in the general population \[[@B4-ijerph-15-02149]\]. Krewski and colleagues evaluated the risk associated with prolonged residential radon exposure and risk of lung cancer using data collected from seven large scale case-control studies (4081 cases and 5281 controls) conducted in North America \[[@B5-ijerph-15-02149]\]. The estimated pooled odds ratio (OR) of lung cancer increased with radon concentration monotonically \[[@B5-ijerph-15-02149]\]. Analysis from thirteen case-control studies conducted in nine European countries between 1982--1995 also showed appreciable hazards from residential radon exposure, responsible for an estimated 2% of all deaths from cancer in Europe \[[@B6-ijerph-15-02149]\]. The risk of lung cancer increased by 8.4% per 100 Bq/m^3^ (\~2.7 pCi/L) increase in measured radon \[[@B6-ijerph-15-02149]\]. These residential studies provide evidence of a positive association between residential radon exposure and lung cancer risk \[[@B7-ijerph-15-02149]\]. Currently, the World Health Organization (WHO) and the United States Environmental Protection Agency (USEPA) both classify radon as a leading causes of lung cancer, second only to smoking.

Radon exposure at schools may have a considerable public health impact. It was estimated that approximately 14% of the 300,000 annual lung cancer cases in the United States are attributable to radon \[[@B8-ijerph-15-02149]\]. The risk of lung cancer in children resulting from exposure to radon may be up to three- fold higher than that of adults exposed to the same amount of radon \[[@B9-ijerph-15-02149]\] due to the morphometric differences between the lungs of children and the lungs of adults \[[@B10-ijerph-15-02149]\], as well as higher respiration rates of children compared with adults. Children also spend more time indoors, and are generally more sensitive to environmental hazards exposure \[[@B11-ijerph-15-02149]\]. It was estimated that U.S. children, on average, spend 6.64 h per day for 180 days per year in school buildings \[[@B12-ijerph-15-02149]\]. This does not include the substantial additional hours that children might spend in school buildings in after-school programs. Schools are also workplaces for teachers and administrators and service staff, who might spend even more time than children in school buildings. In the late 1980s, short-term radon measurements were conducted in 3000 rooms in 130 U.S. schools in 16 states \[[@B13-ijerph-15-02149]\]. Over half of the schools had at least one room with radon levels above 4 pCi/L, and all 16 tested states had some classrooms with radon above 4 pCi/L, with the highest classroom showing 136.2 pCi/L. Therefore, high levels of radon in school buildings may pose significant health risks to those who spend many months, or years, at those schools \[[@B14-ijerph-15-02149]\].

Given the lack of U.S. Federal regulations concerning radon levels in schools, we reviewed specific state statutes on radon that could influence exposure to school children, including bills that passed in the 2017 U.S. legislative sessions. We further discuss Federal and state regulations as they relate to radon reduction and control, radon testing, dissemination of radon levels to the public, radon mitigation, and various challenges and policy recommendations.

2. Radon Reduction and Control: Federal Laws and Efforts {#sec2-ijerph-15-02149}
========================================================

Radon exposure has not been linked with major diseases in childhood, but the risk of greatest concern is that of consequent lung cancer in adulthood. The USEPA's risk estimates for radon are based on cohort studies of male workers in mines \[[@B7-ijerph-15-02149],[@B15-ijerph-15-02149]\]; however, the derived risk estimates were erroneously extrapolated to women, children, and non-working men. Cao and associates recently re-analyzed cohort studies of male workers in mines, and the results show that the USEPA's original estimates of fatal risks attributable to radon may be overestimated by 9--26% after accounting for confounding by occupational exposure to diesel. Although methods for estimating risks have changed over the years, the observed risks attributable to radon are still considered to be unacceptable \[[@B7-ijerph-15-02149]\], and radon exposure maintains its high public health importance as the second leading cause of lung cancer deaths in the U.S. Whereas European Union (EU) regulations regarding radon are discussed briefly in a separate section below, we note here that the influence of EU directives on radon exposure in EU member countries may have relevance to the role U.S. Federal agencies, such as the USEPA, may play in reducing exposure in individual U.S. states \[[@B16-ijerph-15-02149]\].

The Superfund Amendments and Reauthorization Act (SARA) of 1986 requires USEPA to (1) conduct nationwide assessments of radon gas across the United States where people live, work, and go to school; (2) assess the levels of radon gas present in such structures and the impact to human health; and (3) determine methods of reducing or eliminating human exposure to radon gas and provide guidance and public information materials based on the results of those assessments (SARA, Title I, Section 118(k) (1)). SARA further requires the USEPA to (1) establish a research program to facilitate the understanding of health problems associated with exposure to air pollutants including radon gas in the indoor environment; (2) coordinate Federal, state, local, and private research and development efforts to improve indoor air quality; and (3) assess appropriate Federal Government actions to mitigate the environmental and health risks associated with indoor air quality problems. Following the SARA of 1986, the Indoor Radon Abatement Act of 1988 granted USEPA authority to conduct radon studies and compile a list of high risk areas, including schools, with elevated levels of radon.

Over twenty years after the passing of SARA and the Indoor Radon Abatement Act, public understanding of the gravity of the radon risk remains limited \[[@B17-ijerph-15-02149],[@B18-ijerph-15-02149],[@B19-ijerph-15-02149]\]. Further, the perceived high costs of radon mitigation, and the relative shortage of certified radon tests and mitigation professionals, impedes the reduction of indoor radon exposure \[[@B20-ijerph-15-02149]\]. Consequently, under the leadership of USEPA, the Federal Radon Action Plan (FRAP), a collaborative inter-agency program, was initiated in 2011 to unify federal programs, disseminate radon exposure health risk information to the public, provide professional radon testing and mitigating services, and promote radon risk reduction through financial incentives and support \[[@B21-ijerph-15-02149]\]. Since the initiation of FRAP, at least 1.6 million homes, schools, and childcare facilities benefited, and in 12.5% of those units, testing and mitigating were conducted when necessary as of 2014. However, the data are not available to the public on exactly how many schools were benefited from FRAP. Because FRAP was phased out in 2015, the National Radon Action Plan (NRAP), led by the American Lung Association, has assumed several of FRAP's functions for radon risk reduction, with the goal of mitigating 5 million ''high radon'' homes and saving 3200 lives from lung cancer annually by 2020 \[[@B21-ijerph-15-02149]\]. NRAP however, has no explicit mandate to mitigate ''high radon'' schools. Even the Indoor Radon Abatement Act has not stipulated an enforceable indoor radon limit for schools but only recommends a national goal that ''the air within buildings in the United States should be as free of radon as the ambient air outside of buildings''. A nationwide survey of radon levels in schools estimated that nearly one in five schools in the US has at least one schoolroom with short-term radon levels above the action level of 4 pCi/L, the level at which USEPA recommends that schools take mitigation actions \[[@B22-ijerph-15-02149]\]. In New York state, for instance, approximately 90% of the 4290 upstate schools are located in area designated by USEPA as Zone 1 (4 pCi/L) \[[@B13-ijerph-15-02149]\]. Since 1992, the New York Department of Health has conducted radon concentration measurement in over 12,300 classrooms in 186 schools using short-term detectors. Eighteen schools had \>4 pCi/L of radon in over half of the rooms. About 1150 school rooms, or 9.3% of those measured, contained from 4 pCi/L to 20 pCi/L of radon, and a smaller number of school rooms in 19 schools contained up to 80.2 pCi/L of radon \[[@B13-ijerph-15-02149]\]. USEPA estimates that more than 70,000 schoolrooms in use today have high short-term radon levels \[[@B22-ijerph-15-02149]\].

3. Radon Reduction and Control in Schools: State Laws and Regulations {#sec3-ijerph-15-02149}
=====================================================================

3.1. State Radon Testing in School Requirements {#sec3dot1-ijerph-15-02149}
-----------------------------------------------

Currently, only thirteen states' statutes explicitly address radon issues in schools, and radon testing in schools is only mandatory in nine states ([Table 1](#ijerph-15-02149-t001){ref-type="table"}). For example, radon testing in schools is not mandatory in California, a state that has over 10,000 public schools (elementary and secondary) with over 6.3 million students \[[@B23-ijerph-15-02149]\]. Even within these nine states, state regulations on radon testing in schools vary considerably in stringency. Connecticut statutes, for example, require radon testing in public schools only, whereas in New York, radon testing is only required for public schools located in Radon Zone 1. In contrast, radon testing is mandatory for all schools (Public and Private) in Rhode Island. The timing and frequency of radon re-testing also differ among the states ([Table 1](#ijerph-15-02149-t001){ref-type="table"}).

3.2. State Test Results Dissemination Requirements {#sec3dot2-ijerph-15-02149}
--------------------------------------------------

State statutes and code regulations also differ in the dissemination of radon testing results to the public. For example, a Colorado statute requires all schools to test for radon and to maintain records of the test results for disclosure on request. In other words, schools in Colorado are not required to share test results with the state agency that regulates radon tests in schools; nor are they required to report the results to teachers or parents \[[@B24-ijerph-15-02149]\], unless such request were made.

A nationwide policy is therefore essential to mandate radon test reports to be submitted to a designated state regulatory agency, to be disseminated to parents, other interested parties and the district school board members, as well as to make the results available on the school's or district's website. In Connecticut, for example, the school radon testing guide recommends that the school administration conducts an informational meeting to provide an overview of scheduled radon testing and address any questions/concerns to individuals responsible for radon testing and representatives of parent and teacher organizations. In addition, in Connecticut, it is recommended that two weeks prior to a scheduled radon testing, a formal letter of radon testing notification is required to be sent to parents of students and school employees, along with radon educational materials. Proper notification, in a transparent and timely way, will encourage civil society stakeholders to voice their concerns and participate in monitoring policy and program implementation.

3.3. State Radon Mitigation Requirements {#sec3dot3-ijerph-15-02149}
----------------------------------------

In the United States, a radon level below 2 pCi/L is accepted as normal (Radon Zone 3). Indoor Radon level between 2 and 4 pCi/L is designated as Radon Zone 2 and the USEPA suggests mitigation to be performed. Indoor radon level of above 4 pCi/L (Action Level) is categorized as Radon Zone 1 where mitigation is deemed necessary because an increased risk for lung cancer has been observed at that exposure level in smokers and non-smokers \[[@B25-ijerph-15-02149]\]. However, radon mitigation requirements in most states varies substantially and often are not enforced ([Table 1](#ijerph-15-02149-t001){ref-type="table"}). For example, the statute of state of Colorado doesn't require schools to mitigate, so it's up to the school district and its constituents to address mitigation issues \[[@B24-ijerph-15-02149]\].

4. Radon Regulations in Europe {#sec4-ijerph-15-02149}
==============================

Although not the main focus of our review, radon in schools should be a concern in any geographic region where levels are above those deemed to be safe. The EU recently enacted a directive establishing 300 Bq/m^3^ (\~8.1 pCi/L) as a concentration threshold for both dwellings and workplaces including schools in all European Union countries \[[@B16-ijerph-15-02149],[@B26-ijerph-15-02149]\]. In Ireland, for example, remedial work is required for any occupied classroom or office where the radon levels are greater than 200 Bq/m^3^ (\~5.4 pCi/L) \[[@B27-ijerph-15-02149],[@B28-ijerph-15-02149],[@B29-ijerph-15-02149]\]. In a pilot study conducted in Spain, 46% of the workplaces measured in Galicia had radon concentrations higher than 300 Bq/m^3^, followed by 10.6% in Madrid. Nineteen percent of all workers were exposed to more than 300 Bq/m^3^, with 6.3% exposed to radon concentrations higher than 500 Bq/m^3^ \[[@B26-ijerph-15-02149]\]. Nationwide radon maps based on indoor measurements have been produced in countries such as the United Kingdom, Ireland, and Italy \[[@B4-ijerph-15-02149],[@B30-ijerph-15-02149]\], which may facilitate and optimize the search for schools with high radon concentrations and to identify areas for special preventive actions during new construction \[[@B4-ijerph-15-02149],[@B13-ijerph-15-02149],[@B31-ijerph-15-02149]\]. In Italy, the Legislative Decree 241/2000 set 500 Bq/m^3^ as the highest acceptable radon concentration in workplaces including schools \[[@B30-ijerph-15-02149]\]. With the 2013/59/Euratom Directive, the obligation is introduced for member countries to periodically prepare and update a Radon National Plan in order to implement the set of actions necessary to reduce the health risk associated with radon \[[@B30-ijerph-15-02149]\]. However, it remains to be seen whether certain barriers may prevent some EU member countries from fully complying with the Directive. In time, this Directive may serve as a model for standardized national U.S. regulations as they apply to radon testing and mitigation.

5. Challenges and Policy Recommendations {#sec5-ijerph-15-02149}
========================================

One of the biggest challenges related to radon exposure is the cost of testing and mitigation. If conducted by licensed professionals, which is required in several states, testing could cost \$20--\$50 per room, and the sub-slab depressurization, the most common type of radon mitigation system, could cost between \$2000 to \$5000, depending on characteristics of the building and the underlying soil \[[@B32-ijerph-15-02149]\]. This could pose a substantial burden for some schools, school districts, and/or state agencies that already are struggling to meet other mandatory regulations and maintain their financial sustainability. In California, for example, there is no state funding specifically set aside to help school districts pay for testing \[[@B33-ijerph-15-02149]\]. One of the approaches to reduce radon testing costs to the school could be allowing school employees to take a one-day radon test training and be exempt from certification requirements; alternately, after training, school employees in the same district could jointly form a radon testing team, therefore schools could conduct initial testing on their own. When initial tests results raise an alarm, the certified professionals would then be called in for a follow up testing, as has been done in New Jersey and Illinois ([Table 1](#ijerph-15-02149-t001){ref-type="table"}).

In addition, each state should establish a designated Fund as a non-lapsing supplement to support radon testing, educational, and mitigation. For example, in Indiana (Radon Gas Trust Fund) and Maine (Radon Relief Fund), statutes allow the States to collect funds received from registrations of radon testing and mitigation companies/professionals, as well as any other miscellaneous sources of income to be used for a radon related program.

6. Conclusions {#sec6-ijerph-15-02149}
==============

The danger to children attending schools with high levels of radon is particularly noteworthy because such children would be exposed repeatedly over many years. They would also be exposed during a biologically susceptible time of life and would subsequently have many years during which cancer may develop and have a clinical impact (a long ''latency'' periods). To date, however, the issue of radon in schools has received little attention by researchers and the media. There is currently no enforceable Federal limit for radon levels in schools, which has led to disparate state regulations related to the testing, mitigation, and public dissemination of radon levels, as well as the appropriation of state funds when mitigation is needed.

From a public health perspective, radon reduction is a long-term objective. Widespread awareness among the general population about the risk associated with radon is essential \[[@B34-ijerph-15-02149]\]. It is also critical to improve the data collection system in each state to make data more accessible to advocates for radon testing, to societal stakeholders, and to the general public \[[@B24-ijerph-15-02149],[@B35-ijerph-15-02149]\]. The improvements in data collection and availability will be valuable for future campaigns and for determining where collaborative efforts are most needed \[[@B35-ijerph-15-02149]\]. Measuring and mitigating radon at schools should be based on ALARA (As Low As Reasonably Achievable), the precautionary principle to minimize radiation doses and releases of radioactive materials with using practical, cost-effective measures \[[@B4-ijerph-15-02149],[@B36-ijerph-15-02149],[@B37-ijerph-15-02149]\]. Therefore, we recommend that a federally mandated maximum radon limit be established for schools and other buildings with public access, as should guidelines regarding the timeframe for initial testing and the frequency of re-testing for radon. States may then work with the USEPA to develop a state-specific radon testing plans based on the risk related to the specific geographic locations of the schools. The USEPA may also offer standardized online radon testing training courses and materials for school employees to reduce state costs and improve the consistency, accuracy, and reproducibility of the test results.
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###### 

Radon testing in schools: State policies.

  State           \% of Counties Designated as EPA Zone 1 or Zone 2 ^a^   Radon Test     Time Requirement for Initial Testing   Frequency of Re-Testing   Type of School Covered   Who May Conduct the Testing   New School RRNC Requirement   Mitigation Requirement for Radon Level ≤ 4 pCi/L         
  --------------- ------------------------------------------------------- -------------- -------------------------------------- ------------------------- ------------------------ ----------------------------- ----------------------------- -------------------------------------------------- ----- ---------
                                                                                                                                                          Public                   Private                       SE                            CP                                                       
  Colorado        100                                                     Required       Within 19 months of occupancy          ND                        Yes                      Yes                           ND                            ND                                                 No    No
  Connecticut     87.5                                                    Required       ND                                     Every 5 years             Yes                      No                            No                            Yes                                                Yes   Yes
  Florida         13.4                                                    Required ^b^   Within 12 months of occupancy          Twice, 5 years apart      Yes                      Yes                           No                            Yes                                                No    No
  Illinois        100                                                     Recommend      ND                                     Every 5 years             Yes                      No                            Yes                           Yes                                                No    No
  Iowa            100                                                     Encourage      ND                                     ND                        Yes                      Yes                           No                            Yes                                                No    No
  Minnesota       100                                                     Voluntary      ND                                     ND                        Yes                      No                            Yes                           Yes                                                No    Yes ^c^
  New Jersey      85.7                                                    Required       ND                                     Every 5 years             Yes                      No                            Yes                           Yes                                                Yes   No
  New York        75.8                                                    Required ^d^   ND                                     ND                        Yes                      No                            No                            Yes                                                No    Yes
  Oregon          58.3                                                    Required       ND ^e^                                 Every 10 years            Yes                      No                            Yes                           Yes                                                Yes   No
  Rhode Island    80                                                      Required       ND                                     Every three years ^f^     Yes                      Yes                           No                            Yes                                                No    Yes
  Tennessee       77.8                                                    Encourage      ND                                     ND                        Yes                      No                            ND                            ND                                                 No    No
  Virginia        71.6                                                    Required       With 18 months of occupancy            ND                        Yes                      No                            Yes                           Yes                                                No    Yes
  West Virginia   87.5                                                    Required       With 12 month of occupancy             Every 5 years             Yes                      No                            No                            Yes                                                Yes   Yes

ND: Not Defined; SE: School Employees; CF: Certified Professionals. ^a^: Based on USEPA Radon Map <https://www.epa.gov/radon/find-information-about-local-radon-zones-and-state-contact-information#radonmap>. ^b^: All schools in continuous use since before 1 July 1994 must test 100% first floor or below grade rooms, 20% second floor rooms, and 10% third floor rooms; For school opened between 1 July 1994 and 30 June 1999 must test 100% first floor; For school opened or structurally changed since 1 July 1999, 20% of ground contact rooms must be tested. ^c^: School districts that receive health and safety revenue to conduct radon testing must take re-test after corrective measures that reduce radon levels. ^d^: School should review geological potential for radon and to decide if test is necessary. Radon testing is only required for public schools located in Radon Zone 1. ^e^: Statewide radon testing in school must be completed on or before 1 January 2021. ^f^: If initial testing is ≤4 pCi/L, 10% of the areas must be re-tested 3 years after; A different 10% of the building must be tested every 3 years thereafter.
